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ABSTRACT. Materials able to produce the reduction of nitrate from water without 
the need of a metal catalyst and avoiding the use of gaseous hydrogen have been 
developed by combining the synergistic properties of titania and two conducting 
polymers. Polymerization of aniline and pyrrol on titanium dioxide in the presence of 
two different oxidants/dopants (iron trichloride or potassium persulfate) has been 
evaluated. The resulting hybrid materials have good thermal stability imparted by the 
titania counterpart, and a considerable conductivity provided by the conducting 
polymers. The capability of the hybrid materials of reducing aqueous nitrate has 
been assessed and compared to the catalytic hydrogenation of nitrate using a 
platinum catalyst supported on these hybrid synthesized materials.  The mechanism 
of nitrate abatement implies adsorption of nitrate on the polymer by ion exchange 
with the dopant anion, followed by the reduction of nitrate. The electrons transfer 
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from titania to the conducting polymer in the hybrid material favors the reductive 
ability of the polymer, in such a way that nitrate is selectively reduced with a very low 
production of undesirable side products. The obtained results show that the activity 
and selectivity of the catalytic reduction of nitrate with dihydrogen in the presence of 
a platinum catalyst supported on the hybrid materials is considerably lower than 
those of the metal-free nanocomposites.
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The increasing use of nitrogenous fertilizers is responsible for nitrogen species 
permeation through the soil layers and contamination of groundwater. Methemoglobinemia 
and cancer are diseases produced by the human consumption of water exceeding the 
maximum permitted level of nitrate of 50 mg·L-1 1,2. Nitrates may be reduced to nitrites 
within the human body. Nitrite combine with hemoglobin, which contains the ferrous (Fe2+) 
ion, to form methemoglobin, which contains the ferric (Fe3+) form of iron. The increased 
affinity for oxygen of methemoglobin leads to an overall reduced ability of the red blood cell 
to release oxygen to tissues. When methemoglobin concentration is too high in red blood 
cells, tissue hypoxia may occur. This disease, known as the blue baby syndrome, is fatal to 
the new born. Physicochemical, biological and catalytic processes are available for removing 
nitrates from water3. Physicochemical methods as ion-exchange, reverse osmosis and electro-
dialysis remove nitrates from drinking water but concentrate them elsewhere, with the 
subsequent disposal problem of the generated nitrate waste brine; biological denitrification 
transforms nitrates into molecular nitrogen, but is difficult to operate and may become 
another source of contamination of water with bacteria. 
Catalytic reduction of nitrate species to form nitrogen has been considered as an alternative 
technology for nitrate abatement. Nitrate reduction is generally carried out with hydrogen 
(H2) in the presence of metal catalysts. Monometallic systems as Pt or Pd, and also bimetallic 
systems combining a metal catalyst (Pd, Pt) and a promoter (Cu, In, Sn)  have been 
successfully4 dispersed on different supports showing a relatively high surface area as 
activated carbons,5 carbon nanotubes,6 zeolites7 and metal oxides 8,9,18,10–17 as well as cation 
exchange resins.19 It has been demonstrated that the reaction progresses through intermediate 
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nitrite (NO2-) and nitrogen and ammonium are the principal products of the catalytic 
reduction of nitrate (NO3-) with dyhidrogen (H2).  Numerous investigations and discussions 
have been performed to clarify the reaction intermediates.20–22 They have demonstrated that 
nitrite ions are reduced on the surface of the noble metal to adsorbed NO as the key 
intermediate in the generation of nitrogen (N2) and ammonium (NH4+). Two different 
pathways for the reduction of NO to NH4+ have been proposed: NO dissociation and NO 
hydrogenation. Different successive intermediates are produced, i.e. adsorbed NH, NH2, and 
NH3 when the reaction progresses through NO dissociation and adsorbed HNO, H2NO, 
H2NOH, NH2 and NH3 when the reaction progresses trough NO hydrogenation. 
It had been widely accepted that the reduction of nitrate requires the promotion of the 
noble metal by addition of a second metal.4,23 The role of the noble metal is to activate 
hydrogen, which reduces the promoter metal, completing the catalytic cycle. This is the 
accepted mechanism for non-reducible supports. However, nitrate reduction has been 
successfully achieved with monometallic catalysts on partially reduced supports as TiO2. In 
this case, the reduction of nitrates is promoted by sites of the partially reduced support.24–26 
The most likely mechanism for nitrate uptake in the presence of water is via displacement of 
surface hydroxyl groups in TiO2.14 The nitrate anions are adsorbed on exposed Lewis acid 
sites of TiO2 (unsaturated surface Ti3+ sites) produced as a consequence of the removal of 
surface oxygen during the reduction process. The reduction of the coordination number of 
titanium cations leads to the presence of oxygen vacancies and a consequent positive 
charging of the surface, which results in the creation of favorable sites for the adsorption of 
anionic species as nitrate anions. These sites are expected to be located at the vicinity of the 
noble metal (usually Pd or Pt). The electrons, associated with the reduction process, may be 
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located on the Ti3+ sites. In the literature there is evidence that the electrons are transferred 
from the support to the metal; however it has also been reported that nitrate can be reduced 
by electron enriched titania species (probably Ti4O7 formed by hydrogen spillover), 
producing nitrites as a stepwise reaction, which are subsequently hydrogenated leading to 
molecular nitrogen or ammonium.18 Evidence of the existence of Ti4O7 species have been 
provided in TiO2 after reduction at 500ºC. The presence of the noble metal influences the 
state of the titania support prior to nitrate adsorption, so reduction of nitrates relies on a strong 
metal-support interaction and it is also dependent on the metal supported on TiO2. 
In previous works27,28 nitrate abatement has been accomplished using a metal catalyst 
supported on conducting polymers with a very low surface area as polypyrrole. It was 
demonstrated that –NH- groups in polypyrrole are anchoring sites for the metal precursor, 
which results in a high dispersion of the active metal. The platinum nanoparticles supported 
on polypyrrole, obtained after treatment with an argon plasma, selectively catalyzed the 
reaction of reduction of nitrates in water with dyhydrogen towards nitrogen. However, the 
use of gaseous hydrogen.29 as a reactive agent to reduce nitrates represents a safety hazard. 
Besides, the polymeric support has a limited thermal stability, which limits its application for 
other reactions at temperatures above 150 ºC.  
The goal of this investigation is to develop materials that are able to produce the green 
and safe reduction of nitrate from water without the need of a metal catalyst and avoiding the 
risks associated with the use of gaseous hydrogen. For that purpose, ceramic/polymeric 
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hybrid materials have been synthesized by the oxidative chemical polymerization of aniline 
or pyrrole onto TiO2 to produce hybrid materials with synergistic properties.  
It is well known the tendency of TiO2 to oxygen deficiency,30–37 which is evidenced 
by the creation of oxygen vacancies and the reduction of some Ti4+ to Ti3+, which imparts its 
capability of electron donor; consequently, it is widely considered to be a strongly n-type 
semiconductor.38  However, some studies have demonstrated the ability of TiO2 to act either 
as n or p-type semiconductor. The latter occurs under strongly oxidizing conditions, as a 
result of formation of titanium vacancies 39–41  or by doping TiO2 with a suitable acceptor.42–44
The polymeric part of the hybrid material prepared in this work is a conducting 
polymer (polypyrrol or polyaniline) synthesized onto the TiO2 particles by oxidative 
chemical oxidation of their monomers. If the fully oxidized form is obtained, the conducting 
polymer would behave as a p-type semiconductor. However, conducting polymers can switch 
between different redox states. Therefore, depending of the degree of oxidation achieved 
during the oxidative polymerization, the conducting polymer may act either as a source or a 
drain of electrons, depending on the process in which it is involved.45 Consequently, upon 
polymerization of pyrrole or aniline onto titanium dioxide, electron transfer would be 
possible in both directions due to the capability of both materials to accept and donate 
electrons. 
It must also be taken into consideration that during the oxidative chemical 
polymerization of aniline or pyrrole, the polymer is simultaneously doped with the anions 
provided by the oxidant. These counterions in the reaction medium are incorporated into the 
growing polymeric chains to maintain the electrical neutrality of the polymer system,46 and 
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might be easily exchanged by nitrate ions (NO3-) present in contaminated water.  Therefore, 
different dopants introduced by different oxidants, as FeCl3 or K2S2O8, are expected to have 
different performances in the adsorption of nitrates. 
A synergistic behaviour between the conductive polymers and the titania is expected. 
The ion exchange properties of the polymer in these hybrid materials and the redox properties 
of both the polymer and the titanium dioxide, would make these materials suitable for 
application in the abatement of nitrate from water, not as support of the active metal catalyst, 
but participating themselves in the reaction of nitrate reduction. This would lead to a metal-
free method of abatement of nitrates from water without the risks associated with the use of 
gaseous hydrogen. The mechanism of nitrate abatement and the role of both, titania and 
polymer counterparts, in the hybrid materials will be discussed.
EXPERIMENTAL
Hybrid materials preparation
TiO2/PANI and TiO2/PPy hybrid materials were prepared by oxidative chemical 
polymerization of aniline and pyrrol on commercial TiO2 (Degussa P-25, 80% anatase, 20% 
rutile,47) previously calcined at 500 ºC for 5 h in order to obtain mainly the anatase phase. 
Different TiO2:monomer ratios (60:40, 50:50 and 40:20) were used.
For the synthesis of TiO2/PPy two different oxidants, FeCl3·6H2O and K2S2O8, were 
used. The oxidant was added in excess so the oxidant/pyrrole molar ratio was 2.33.48 2 mL 
of pyrrole (C4H5N) were added dropwise to calcined TiO2. The oxidant solution was prepared 
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by dissolving 18 g of oxidant (FeCl3·6H2O or K2S2O8) in 400 ml of ultrapure water. This 
ferric chloride solution showed an orange color whereas the potassium persulfate solution 
was colorless. However, as soon as the pyrrole mixed with the oxidant solution it turned to 
its characteristic black colour, this indicating the formation of polypyrrole (PPy) in its doped 
form onto TiO2. The solution was stirred for 6 h at room temperature. Then, the precipitated 
TiO2/PPy powder was filtered, washed with distilled water and dried at 80 ºC for 12 h.
For the synthesis of TiO2/PANI, only potassium persulfate (K2S2O8) was used as 
oxidant, as a very low yield was obtained with iron chloride. The oxidant/aniline molar ratio 
was 1.25.49 2 mL of aniline (C6H5NH2) were added drop wise under magnetic stirring to the 
required quantity of calcined TiO2. Synthesis of polyaniline requires an acidic medium so 7.4 
g of K2S2O8 were dissolved in 150 ml of HCl (0.2M), and this solution was added to the 
TiO2/aniline suspension. Polymerization of aniline took place as soon as the oxidant was in 
contact with aniline. Solution showed a blue color, characteristic of emeraldine base, which 
turned within seconds into dark green, characteristic of the emeraldine salt form of 
polyaniline. The solution was stirred for 20 h at room temperature. The precipitated 
TiO2/PANI powder was filtered, washed with a solution of HCl (0.2 M) until yellowish 
washing waters turned uncolored, and dried at 80 ºC for 12 h.
Platinum nanoparticles synthesis
Platinum monometallic catalysts were supported on TiO2/PANI and TiO2/PPy. They 
were prepared by wet impregnation in excess of solvent, using H2PtCl6·6H2O as the metal 
precursor. The proper amount of this salt to obtain 1 wt.% Pt loading was dissolved in 
ultrapure water, then the hybrid support (TiO2/PANI/K2S2O8, TiO2/PPy/K2S2O8 or 
Page 9 of 57































































TiO2/PPy/FeCl3) was added (25 ml solution/g support). The suspension was stirred for 12 h at 
room temperature and then the solvent was evaporated under reduced pressure in a rotary 
evaporator. The supported catalyst precursor was dried in an oven at 80 ºC for 12 h and then 
the obtained material was treated with Ar plasma to decompose the platinum precursor and 
obtain reduced platinum nanoparticles.
The plasma treatment proceeded as follows: the supported catalysts were loaded on 
an aluminum boat, which was placed in the glow discharge stainless steel cylindrical chamber 
of a Tucano plasma system (Gambetti Kenologia, Italy), provided with an anodized 
aluminum door. The HF electrode is made of aluminum and has a “Dark Shield”, a RF 13.56 
MHz power supply and mass flow controllers (MFC) for gas inlet control. The reaction 
chamber was evacuated to mild vacuum (0.2 mbar) using a Pfleiffer rotary vane pump (model 
PK D41 029C-Duo 2.5 with F4 Fomblin lubricant YL VAC 25/6). Ar (99.9999% minimum 
purity, Air Liquid) was introduced into the plasma chamber over the specimen (0.5 mbar). 
The plasma reactor was pumped down and purged for at least 10 min prior to activating the 
RF field. The discharge power was set to 200 watts and 36 cycles of 5 min each were applied 
to each sample (180 min treatment in total) with manual mixing of the sample between 
treatments to assure an even exposure to the plasma27. The temperature of the sample after 
the plasma treatment was measured by a non-contact infrared thermometer (PCE 
Instruments, model PCE-888). It could be determined that the surface temperature was below 
50 ºC in all cases.
Materials characterization
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Thermogravimetric analysis (TGA) was carried out in a SDT 2960 system (TA 
Instruments, Delaware, NC USA). TGA allowed determining the thermal stability of 
materials in nitrogen and in air. A heating ramp of 10 ºC/min and air or nitrogen flow of 100 
mL/min were used. The weight of the samples was between 3-4 mg. 
Textural characterization of polymers was carried out by N2 adsorption at -196ºC with 
a coulter Omnisorp 100CX equipment. Samples were previously outgassed at 150ºC for 4 h. 
Electrical conductivity was calculated from the resistance data. Electrical resistance 
of polypyrrole and polyaniline were determined in a home-made four-points probe equipment 
which consisted in a cylindrical Teflon sample holder, connected to a 2000 Multimeter 
(Madrid, Spain) through copper electrodes.
 X-Ray diffraction (XRD) patterns of the polymers were obtained with a D8-Advance 
(Bruker) X-ray diffractometer equipped with Göebel mirror and a Cu anode, which provides 
Kα  radiation (λ = 1.5406 Å). The samples were scanned from 2θ = 6 ° to 90 ° at the step 
scan mode (step size 1 °, step time 3 s).
Transmission electron microscopy (TEM) images were taken with a JEOL 2010 
(JEOL Ltd., Tokyo Japan) equipment operating at 120 kV. Sample material was mounted on 
a holey carbon film supported on a Cu grid by drying a droplet of a suspension of ground 
sample in ethanol on the grid. EDX coupled to the TEM microscope provided elemental 
analysis of the samples.
X-ray photoelectron spectroscopy (XPS) analysis was used to obtain surface chemical 
information. A K-Alpha spectrometer (Thermo-Scientific) spectrometer with an Al Kα 
achromatic X-ray source (1486.6 eV) operating at 50 keV pass energy and 300 Watt was 
used.  The pressure inside the analysis chamber was held below 5·10-9 mbar during the course 
of the analysis. The measurements were taken using a take-off angle of 45º. Survey scans 
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were taken in the range 0-1350 eV, and high resolution scans were obtained on all significant 
peaks in the survey spectra. The intensities were estimated by calculating the integral of each 
peak, after subtraction of the S-shaped background, and by fitting the experimental curve to 
a combination of Lorentzian (30%) and Gaussian (70%) lines. Binding energies (B.E.) were 
referenced to the C 1s photopeak position for C-C and C-H species at 284.6 eV, which 
provided binding energy values with an accuracy of ± 0.2 eV.     
Nitrate removal evaluation
The ability of removing nitrate from the aqueous solution by the titania/polymer 
hybrid materials was evaluated and compared with the hydrogenation of nitrate catalyzed by 
the platinum nanoparticles supported on these materials. A semi-batch reactor equipped with 
a magnetic stirrer (700 rpm) was fed with 592.5 mL of deionized water and 300 mg of hybrid 
material. H2 was passed through the reactor only when the platinum catalyst was used. A 
CO2 flow (75 mL·min-1) was used as a buffer to keep a constant value of pH ≈ 5 during the 
reaction tests and minimize NH4+ production. 7.5 mL of a solution of NaNO3 was added to 
the reactor (initial concentration of NO3- in the reactor was 100 mg·L-1). Aliquots (1 mL) 
were withdrawn at different times from the reactor and immediately filtered for determination 
of nitrate, nitrite and ammonium concentrations by ion chromatography using in a Metrohm 
850 ProfIC AnCat-MCS equipment. Nitrate and nitrite anions were determined in a Metrosep 
ASSUPP-7 column (250 mm x 4 mm) and ammonium  cation was determined in a Metrosep 
C3 column (250 mm x 4 mm). 
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Nitrate conversion ( ) and selectivities to nitrite ( ), ammonium ( ) and 𝑋𝑁𝑂 ―3 𝑆𝑁𝑂 ―2 𝑆𝑁𝐻 +4
nitrogen ( ) were determined using the following calculations: 𝑆𝑁2
𝑋𝑁𝑂 ―3 =





where  is the initial nitrate concentration (mg·L-1) and is the nitrate [𝑁𝑂 ―3 ]0 [𝑁𝑂
―
3 ]𝑡 
concentration (mg·L-1) at time t (min).
𝑆𝑁𝑂 ―2 =
(𝑛𝑁𝑂 ―2 )𝑡




(𝑛𝑁𝑂 ―3 )0 ― (𝑛𝑁𝑂 ―3 )𝑡
·100
The nitrogen gas phase was not analyzed, so N2 selectivity was calculated from the balance 
of nitrite and ammonium analyzed in the solution, assuming that the production of NOx 
species is negligible26. 
𝑆𝑁2 = 100 ― 𝑆𝑁𝑂 ―2 ― 𝑆𝑁𝐻 +4
When the reaction was performed in the presence of the platinum catalysts, a possible 
metal leaching was checked by Inducted Coupled Plasma Mass Spectrometry (ICP-MS) in 
aliquots withdrawn from the reactor once the nitrate reduction reaction was completed. A 
7700x equipment (Agilent) was used: RF power 1150 W, He flow of 0.99 L/min and liquid 
flow of 0.3 mL/min).
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The synthesized titania/polymer hybrid materials have been fully characterized and 
their properties compared to those of the pristine materials. Their thermal stability was 
evaluated by TGA in inert (Figure 1) and oxidizing (Supporting information Figure 1) 
atmospheres. Whereas TiO2 does not suffer thermal degradation between 0-1200 ºC, both 
polymers show a first mass loss (around 8-9% of its initial mass) between 30 and 100 ºC 
which corresponds to the loss of water trapped in the polymers and the loss of non-reacted 
monomer. In PANI, thermal degradation in nitrogen atmosphere (Figure 1a) proceeds in 
several steps: there is a first step with a 10 % mass loss between 100-300 ºC which may 
correspond to the thermal dedoping of HCl and K2S2O8.50 Another 10 % mass loss is 
produced between 300-420 ºC where the polymer starts to decompose. The more pronounced 
thermal degradation between 420-600 ºC can be assigned to thermal degradation of the cross-
linked chains; and the 40 % mass loss registered between 600- 1200 ºC is due to the 
decomposition of the lineal part of the chains. In PPy (Figures 1b and 1c), after the initial 
loss of water and unreacted polymer, there is a second mass loss between 100-250 ºC which 
is due to the loss of the dopant bound to the polymeric chains. At 250 ºC, degradation of the 
polymer starts, which proceeds in two steps, from 250 to 800 ºC which corresponds to the 
thermal degradation of the cross-linked chains and from 850 to 1200 ºC where degradation 
of the lineal part of the polymeric chains. The most important degradation in nitrogen 
atmosphere is produced for PPy synthesized with K2S2O8 (10% mass remains) (Figure 1b); 
however, around 20% mass of PPy is retained when synthesized with FeCl3 (Figure 1c). On 
the other hand, 28 % of PANI is not degraded (Figure 1a). In air atmosphere (Supporting 
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information Figure 1), total burning of PPy/FeCl3 and PANI/K2S2O8 is produced around 600 
ºC, but it is produced at 730ºC for PPy/K2S2O8. 
These results show that the polymer nature and the oxidant used in the oxidative 
polymerization influence their final thermal properties. The thermal behavior of the hybrid 
materials is in between that of the polymer and that of TiO2. The TGA curves show the mass 
loss steps corresponding to water and monomer loss, thermal dedoping and polymer 
degradation, but the increase of TiO2 content decreases thermal degradation and increases 
the residual mass at 1200 ºC in nitrogen (Figure 1) and at 800 ºC in air (Supporting 
information Figure 1). Impregnation with platinum produces only a slight shift of the TGA 
curves of all the materials. Treatment with plasma does not significantly modify TGA curves 
(Supporting information Figure 2). From thermogravimetric analysis it can be concluded that 
application of the pristine polymeric materials may be restricted to temperatures below 250 
ºC for PPy and 300ºC for PANI, but hybrid polymeric/TiO2 materials have enhanced thermal 
properties. 
The porous texture of the hybrid materials was evaluated by N2 adsorption at 77 K. 
In all cases type II isotherms, typical of non-porous materials, were obtained (Supporting 
information Figure 3). Table 1 shows that BET surface areas of the hybrid materials prepared 
in a 50:50 TiO2/polymer ratio are very similar (between 30-37 m2·g-1), irrespective of the 
polymer, and they are slightly lower than that of TiO2 (53 m2·g-1) due to the polymer 
presence. 
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Table 1. BET surface evaluated from N2 adsorption isotherms at 77 K.








The XRD patterns of PANI and PPy (Figure 2) are typical of amorphous materials with 
a certain degree of crystallinity, which is shown by the band corresponding to the periodicity 
perpendicular to the polymer chain centered at 2θ = 30º for PANI; 2θ = 29.1º for PPy/K2S2O8 
and  2θ = 26.1º for PPy/FeCl3.51,52 In the XRD pattern of PANI there is also a band centered 
at 2θ = 18-20º that corresponds to the periodicity along the polymeric chain, and a third band 
situated at 2θ = 42º also typical of the polymer phase.53 All the hybrid materials became 
strongly oriented, revealing a strong effect of the TiO2, thus no amorphous bands from the 
polymer are shown. The XRD patterns of TiO2/PANI and TiO2/PPy show sharp and well 
defined peaks, indicating the crystallinity of all the synthesized hybrid materials, irrespective 
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of the monomer ratio. The more intense peak at 2θ = 25.3º corresponds to the (101) plane of 
anatase,54 whereas the peaks at 37.8º, 48º, 54º and 63º correspond to (103), (200), (105) and 
(213) planes of  this phase.55 There is also a small reflexion from the (110) plane of rutile at 
2 = 28º.56 In the platinum impregnated samples treated in plasma, reflexions from platinum 
(typically at 2 = 39.8º and 46.2º ) are not present. 57 This may be due to a low percentage of 
metallic platinum or a high dispersion of the platinum nanoparticles27. 
TEM images (Figure 3) show that TiO2 particles with diameters in the range between 10-
50 nm are embedded in the polymer matrix, which leads to an oriented morphology. These 
results reveal that the improvement in crystallinity of hybrid materials is due to the addition 
of TiO2 nanoparticles. During the synthesis of the nanocomposites, aniline or pyrrole 
monomers are adsorbed on the TiO2 particles (Schemes 1a and 1b). With the addition of the 
oxidant polymerization starts, and growing polymer chains of different length surround and 
connect TiO2 particles58 as shown in Scheme 1c. Similar morphologies are obtained 
irrespective of the polymer (PANI or PPy) and the oxidant (K2S2O8 or FeCl3) (Supporting 
information Figures 4-6). As a result of the addition of the oxidant, the conducting protonated 
form of both polymers are obtained: protonated emeraldine salt in PANI (Scheme 1a) and 
conducting PPy (Scheme 1b).  As nanoparticles usually tend to agglomerate due to the 
driving force to reduce their surface energy, it is crucial to assure the interaction of the 
conducting polymer with the TiO2 nanoparticles at the nanometer scale as the uniform 
dispersion of TiO2 nanoparticles into the polymeric matrix is a key factor. TiO2 
agglomeration is avoided by the repulsion between the positive charges of the conducting 
forms of the polymers.59 
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XPS analysis provides useful information about the surface composition of the 
different materials. XPS analysis of TiO2 (Supporting information Table 1) shows the 
presence of Ti and O and also a considerable amount of C that may come from the precursor 
used in its preparation.60–62 Carbon can also result from adventurous hydrocarbon. 63  XPS 
survey analysis of the composite materials shows the presence of C and N from the polymeric 
chain and Ti and O from titania. The increase of the polymer percentage in the hybrid 
materials results in an increase of N and C and a decrease of Ti and O in the three studied 
series (TiO2/PANI/K2S2O8, TiO2/PPy/K2S2O8 and TiO2/PPy/FeCl3) (Supporting information 
Table 1).  
High resolution XPS spectra show variations of Ti, O, C, and N binding energies of 
the hybrid materials when compared to the pristine titania and polymers. Ti 2p3/2 curve fit 
(Figure 4, Supporting information Table 2) shows the unique contribution of Ti4+ at 458.9 
eV in pristine TiO2. In the hybrid materials, the Ti 2p3/2 binding energy is shifted towards 
higher values (459.5 eV). No contribution of Ti3+ (456-457 eV) is shown in any hybrid 
material, which is in agreement with the literature.64 
The electron transfer between titania and the polymer depends on both the oxidation 
state of titanium and the degree of oxidation of the polymeric chain. This can be determined 
by the binding energy of the N 1s level. Four types of nitrogen may be present: imine (-N=), 
neutral amine (-NH-), positively charged nitrogen (-N+) and protonated imine (=N+), with 
increasing N 1s binding energies, typically located at 398.9, 399.6, 400.9 and 401.8 eV, as 
the oxidation degree increases. XPS high resolution curve fit of the N 1s level (Figure 5, 
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Supporting information Table 3) shows by the presence of positively charged amine (-N+), 
this confirming that the conducting form of the polymers have been obtained. 
The formation of the TiO2/PANI hybrid material does not greatly affects the oxidation 
degree of the polymeric nitrogen (N+ moieties percentage is 17% in the pristine PANI/K2S2O8 
and 15% in the hybrid material TiO2/PANI/K2S2O8). On the other hand, pristine polypyrrole 
is more oxidized than pristine polyaniline. However, the percentage of positively charged 
nitrogen (-N+) in PPy depends on the oxidant used during the chemical polymerization of 
pyrrole (93% with K2S2O8 versus 65% with FeCl3) (Supporting information Table 3). These 
results reveal that the oxidant used in the polypyrrole synthesis has a considerable influence 
on the oxidation degree of the polymeric material and consequently, on its final properties. 
Whereas N1s curve fit is similar in PANI and in the TiO2/PANI hybrid material (Figure 5a), 
a significant modification of the nitrogen functionalities is observed in the TiO2/PPy hybrid 
materials. The imine (=N-) groups of the pristine polymer are no longer present in 
TiO2/PPy/K2S2O8, (Figure 5b) and protonated imine (=N+) moieties are detected in 
TiO2/PPy/FeCl3 (Figure 5c).   The shift of the binding energies of N 1s of PPy to lower 
binding energies are produced together with a shift of Ti 2p3/2 to higher binding energies. C 
1s and O 1s binding energies are also shifted towards lower binding energies by the presence 
of TiO2. 
C1s curve fits of the hybrid materials with a 50:50 titania/polymer ratio (Figure 6, 
Supporting information Table 4) show the presence of C-C, C-H and C-N species from the 
polymer. Some C-O and C=O moieties are created as a result of the reaction of the polymer 
surface with water and air27. Some of these oxygenated moieties may also correspond to 
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benzoquinone and hydroquinone species in PANI as a result of an excessive oxidation of 
polyaniline.65  These O-C and O=C species are also observed in the O 1s high resolution XPS 
spectra (Figure 7, Supporting information Table 5). O 1s curve fit also shows the presence of 
hydroxyl groups due to the exposure of Ti4+ sites to water in air.14
C 1s contributions of PANI/K2S2O8 at 284.7 and 286.7 eV (Figure 6, Supporting 
information Table 4) are shifted towards lower binding energies (284.6 and 285.9 eV) when 
PANI is a part of the hybrid material (TiO2/PANI/K2S2O8/50:50). In TiO2/PPy this shift 
towards less oxidized polymeric carbon is more evident in the presence of FeCl3. Thus, C 1s 
contributions at 284.9 and 286.3 eV in PPy/FeCl3 are shifted to 284.2 eV and 285.3 in the 
TiO2/PPy/FeCl3/50:50 hybrid.  There is also a shift of the O 1s contributions in the pristine 
polymers towards lower binding energies in the hybrid materials (Figure 7, Supporting 
information Table 5). The shifts of the binding energies of C 1s and O 1s of the polymers to 
lower binding energies are produced together with a 0.6-0.8 eV shift of Ti 2p to higher 
binding energies in all hybrid materials. This evidences the existence of Ti-C and Ti-O-C 
interactions in the hybrid material. O 1s curve fit of TiO2  (Figure 7, Supporting information 
Table 5) shows a peak at 530.0 eV, which is ascribed to O-Ti bond in the oxide, and another 
peak at 532.0 eV which corresponds to the surface hydroxyl (O-H) of water adsorbed on 
TiO2. Therefore, hydrogen bond between surface hydroxyl groups in titanium dioxide and 
nitrogen in the polymer might also take place. The Ti-O-C and Ti-C interactions at the 
interface between the titanium particles and the polymers may favor the electron transfer in 
the hybrid materials.30,64,66 
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TiO2 is a non-conducting solid. Otherwise, the hybrid TiO2/polymer materials showed 
higher conductivities due to their polymeric counterpart. The oxidation degree of the polymer 
determines the electrical properties of the hybrid material. Table 2 shows considerably high 
conductivity values of the materials containing PANI and also PPY synthesized with FeCl3. 
However, the conductivities of the hybrid materials containing PPy synthesized with K2S2O8 
are considerably lower, which is indicative of a lower degree of oxidation of the pyrrolic N 
(Scheme 1b). 
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However, the percentage of positively charged nitrogen in the polymeric matrix 
determines not only the redox properties but also the ion exchange ability of the hybrid 
material. FeCl3 and K2S2O8 oxidants not only produce a different degree of oxidation of the 
polymeric chain, which determines its capability for donating electrons, but they also provide 
the semioxidized polymeric chain with different counter-ions which neutralize the positive 
charge of the N+ moieties. K2S2O8 is responsible for the introduction of O and S moieties 
detected on both, TiO2/PPy/K2S2O8 and TiO2/PANI/K2S2O8 (Supporting information Table 
1). The binding energy of the S 2p peak (168.3 eV) corresponds to sulfate ion, which is 
produced as a result of the reduction of persulfate (S2O82-) to sulfate (SO42-), upon its 
incorporation as a counter-ion during the oxidative polymerization of aniline and pyrrole with 
potassium peroxydisulfate. When ferric chloride is used, chlorine ion is detected in 
PPy/FeCl3 (Cl 2p at 198.5 eV); but it is also detected on PANI synthesized with K2S2O8 in 
HCl medium. This suggests that Cl from HCl is also introduced as a counterion in PANI. A 
certain amount of Cl has also been detected on PPy synthesized with K2S2O8. In this case, Cl 
may be ascribed to chloride from the aqueous medium. Neither K from K2S2O8 nor Fe from 
FeCl3 are detected, which confirms that cations do not anchor to the oxidized polymeric 
chains during the oxidative polymerization of aniline and pyrrole. Chloride and sulfate 
counteranions are anchored to the semioxidized polymeric chain and therefore they can be 
potentially exchanged by nitrate present in the aqueous solution (Scheme 2). The higher 
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percentage of oxidized amine N+ moieties, the higher amount of counterions (A- in Schemes 
1 and 2) susceptible of being exchanged by nitrate. From this point of view TiO2/PPy/K2S2O8, 
which shows a relatively low conductivity (Table 2) and only contains sulfate as counterion 
to neutralize a relatively low percentage of N+ moieties, is expected to have a limited 
performance in the adsorption of nitrate from the aqueous solution compared to 
TiO2/PPy/FeCl3 and TiO2/PANI/K2S2O8.
As stated before, the goal of this study is to prepare metal-free materials able of 
adsorbing aqueous nitrate and produce its selective reduction to nitrogen. For comparison 
purposes, the synthesized materials were also used as support of platinum nanoparticles and 
tested in the catalytic hydrogenation of nitrate. The performance of the metal and the metal-
free materials in the removal of nitrate from the aqueous solution was compared. 
To prepare the supported platinum catalysts, the hybrid titania/polymer materials 
were impregnated with hexachloroplatinic acid (H2PtCl6) in a first step. As a result, a 
chloroplatinum complex anchors to the N functionalities of the polymeric chain, as it has 
been previously reported.67 During the formation of the coordination compound, Pt4+ from 
H2PtCl6 is partially reduced to Pt2+. The reduction of platinum ion is produced by the 
electrons coming from the polymeric chain through the N functionality (Scheme 3a-b).This 
is more evident in the composite with PANI, where only Pt2+ is detected after the 
impregnation of the material with H2PtCl6 (Figure 8a), and this is accompanied by an increase 
in the amount of N+ functionalities (Figure 5a).  This is explained by the fact that, before 
being treated with the platinum precursor, TiO2/PANI/K2S2O8 is less oxidized (there is a less 
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important percentage of oxidized amine functionalities) than the composites with PPy 
(Figures 5b and 5c).  As a result, 100 % of platinum ion is reduced to Pt2+ and no contribution 
of Pt4+ is shown in H2PtCl6/TiO2/PANI/K2S2O8. However, platinum ions in different 
oxidation states are present in the composites with PPy after impregnation with H2PtCl6  
(Figure 8a).    
The hydrogenation of nitrate requires a noble metal as catalyst. In order to produce 
metal platinum nanoparticles, the materials impregnated with H2PtCl6 were treated in cold 
Ar plasma in a second step. Formation of platinum nanoparticles implies dissociation of the 
platinum complexes anchored to the polymeric chain through the nitrogen functionality (-
N+---[PtL4]2-) (Scheme 3). As a result, the oxidation state of the polymeric chain is affected 
as assessed by N 1s contributions: (Figure 5 and Supporting information Table 3). The 
ligands released from the dissociated platinum complex (Ln-) could act as counteranions to 
stabilize the oxidized polymeric chain. In the case of PANI support, platinum ions (as Pt 2+) 
anchored to N+ moieties located out of the aromatic ring in PANI are more easily reduced to 
metallic Pt0 by the high energy electrons in the plasma than platinum ions anchored to N+ 
located inside the ring in PPy. Therefore, considerably higher amount of metallic platinum is 
detected on PANI surface (80%) compared to PPy (44-59%) after plasma treatment 
(Supporting information Table 6). This significant lower metallic Pt loading than the 
theoretical value of 1 wt.%  together with a high dispersion of the Pt nanoparticles is in 
agreement with the absence of Pt peaks in XRD patterns (Figure 2)  TEM micrographs 
showed that the platinum nanoparticles (detected by EDX) of 2-5 nm diameter are mainly 
located on the polymer chains that connect TiO2 particles (Figure 3d, Supporting information 
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Figures 4d, 5d and 6 d). In all cases, the deposition of platinum nanoparticles lowered the 
conductivity of the materials (Table 2). 
Nitrate removal from water
The mechanism of removing nitrate from water by the synthesized metal-free hybrid 
materials has been assessed and compared to the hydrogenation of nitrate catalyzed by Pt 
nanoparticles supported on the titania/polymer hybrid materials.  
i) Reduction of nitrate by metal-free hybrid materials
Aliquots were withdrawn from the nitrate solution in contact with the hybrid 
TiO2/polymer hybrid materials at different times (1, 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 
180, 240, 300 min). The nitrate abatement was rapidly achieved and after 5 min the measured 
concentrations of nitrate and ammonium remained constant (Supporting information Figure 
7). Nitrite concentrations below 0.1 mg·L-1 were detected in all cases. Figure 9 shows 
concentrations measured after 5 minutes of reaction. The metal-free hybrid materials 
(TiO2/PPy/FeCl3 and TiO2/PANI/K2S2O8) produce an effective abatement of nitrate from 
water (almost 70%) in just 5 minutes (Figure 9a), resulting in measured nitrate concentrations 
around 30 mg·L-1, (Supporting information Table 7) which accomplishes with the legislation 
(less than 50 mg·L-1)1,2. However, only 40% of nitrate is abated in the presence of 
TiO2/PPy/K2S2O8. This evidences a determinant role of the counterion provided by the 
oxidant. As PPy synthesis is carried out by the oxidative polymerization of the pyrrole 
monomer on the TiO2 in a neutral aqueous medium; either chloride or sulfate anions from 
the oxidants (FeCl3 or K2S2O8) are introduced (Scheme 1b). Otherwise, during the PANI 
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synthesis in HCl medium, the anilinium cation is formed in a first step and is then oxidized 
by the potassium peroxidisulfate (Scheme 1a). As a result, both chloride and sulfate 
counteranions are introduced to neutralize the positively charged polyaniline chain. 
The relative size of the dopant anions has a key role in the exchange with nitrate from 
the solution. Considering the relative size of the chloride anion (ionic radius 181 pm) and the 
thermochemical radii of NO3- (179 pm) and SO42- (258 pm),68 it is expected the exchange of 
chloride ion by aqueous nitrate to be easier than the exchange of sulfate ion. Once nitrate has 
been adsorbed on the polymeric matrix of the material, it must be reduced to assure proper 
removal without the concern of a further disposal of adsorbed nitrate. XPS revealed the 
transfer of electrons from titania to the polymer, so the polymer counterpart in the hybrid 
material is responsible for the reduction of nitrate. Actually, the reduction potentials of nitrate 
(NO3-/NH4+, Eº = +0.875 V; NO3-/N2, Eº = +1.246 V), polyaniline 
(emeraldine/leucoemeraldine, Eº = +0.342 V; pernigraniline/emeraldine, Eº = + 0.942 V) and 
polypyrrole (PPy+/PPy, Eº = +0.150 V) are consistent with the reduction of adsorbed nitrate 
produced by the electrons coming from the polymeric matrix. 
However, the mechanism is still unclear. If electrons keep flowing from TiO2 to 
nitrate through the conducting polymer, some species must be supplying them, otherwise the 
continuity will not be there. Challagulla et al.72 compared the photocatalytic nitrate reduction 
mechanism over Pt/TiO2 with the non-photocatalytic nitrate reduction experiments in dark 
using doped and undoped TiO2 catalysts both with and without purging of H2 gas. They stated 
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that the valence band of TiO2 lies in the suitable range to oxidize species such as hydroxide 
to hydroxyl radical whereas the conducting band lies in the suitable range to reduce various 
species like nitrate, nitrite, etc. From our experience, the catalytic reduction of nitrate is being 
produced by the electrons flowing from TiO2 through the polymer. Although the precise 
origin of the continuous electron supply is unclear, it might be plausible that electrons could 
arise from the photocatalytic oxidation of water, with titania or the whole hybrid acting as a 
photocatalyst. Nevertheless, further research work is being carried out to unearth the 
reduction mechanism.
Figure 9a shows that the most effective removal of nitrate (around 70%) is produced 
by TiO2/PANI/K2S2O8 and TiO2/PPy/FeCl3. Both materials have chloride counter-ions and 
are more oxidized than TiO2/PPy/K2S2O8, as determined by XPS and conductivity 
measurements.  Consequently, nitrate exchange and nitrate reduction produced by those 
materials are favored in comparison with TiO2/PPy/K2S2O8.  In all cases nitrite (NO2-) 
concentrations are below 0.15 mg·L-1 and satisfy the quality standards for potable water 
(legislation stablishes maximum permitted concentrations of nitrate, nitrite and ammonium 
less than 50, 0.5 and 0.5 mg·L-1, respectively). These low measured nitrite concentrations 
confirm that nitrite does not get into the solution followed by re-adsorption by the support. 
On the contrary, intermediate nitrite is rapidly reduced to ammonium, in the presence of 
TiO2/PPy/K2S2O8; or to nitrogen, in the presence of TiO2/PANI/K2S2O8 and TiO2/PPy/FeCl3, 
where ammonium concentrations below 0.2 mg·L-1 are detected. 
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Recyclability of the hybrid materials was tested. Thus, after 300 min of reaction, when 
the first run was completed, the materials were separated by centrifugation and put into 
contact with a 1M solution of NaCl during 30 min under stirring. The purpose of that was to 
exchange possibly adsorbed nitrate ions with chloride ions and regenerate the polymer 
counterpart in the hybrid material. Then, the materials were introduced in the reactor 
containing a fresh nitrate solution for subsequent runs under identical conditions. The 
measured concentrations of nitrate, nitrite and ammonium measured after 300 min of each 
run are summarized in Supporting information Table 7.  Nitrate conversions achieved with 
the regenerated materials were only slightly lower than those obtained during the first run. 
Similar ammonium selectivities were obtained and nitrite was not detected in any case. XRD 
and TEM of the recovered materials (not shown) remained almost unchanged, so no 
morphological changes were produced. 
ii) Hydrogenation of nitrate catalyzed by Pt supported on the hybrid materials
Catalytic reduction of nitrate (NO3-) with dyhidrogen (H2) progresses through intermediate 
nitrite (NO2-) towards either nitrogen (N2) or ammonium (NH4+) as final products: 
NO3- + H2  NO2- + H2O (1)
NO2- + 3/2 H2  ½ N2 + H2O + OH- (2)
NO3- + 4H2  NH4+  + H2O + 2OH- (3)
NO2- + 3H2  NH4++  2OH- (4)
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As a consequence of hydroxyl formation, there is an increase of the pH of the solution 
up to 10-11, which is unacceptable for drinking water, and favors the selectivity towards 
ammonium instead of nitrogen.69,70 This is minimized by buffering the solution with a CO2 
flow. Considering toxicity of nitrite and ammonium, selective reduction of nitrate towards 
nitrogen is necessary to accomplish legislation. 
Figure 9a shows no activity of the platinum catalyst supported on titania. However, 
between 30-40 % of the total nitrate is abated in the presence of the platinum catalysts 
supported on the hybrid materials, which measured nitrate concentrations over 60 mg·L-1 
(Supporting information Table 7).  ICP-MS results (Supporting information Table 8) show 
that platinum leaching was not produced as lixiviated platinum was always less than 0.1%.
Due to the presence of the conducting polymeric matrix in the composite, the 
mechanism of reduction of aqueous nitrate catalyzed by platinum nanoparticles supported on 
the TiO2/polymer hybrid materials may differ from the reported mechanisms for nitrate 
reduction with H2 catalyzed by Pt or Pd supported on TiO2.<sup>14</sup> Yoshinaga et al.71 
reported that as palladium is very active for hydrogenation reactions, the nitrate and the nitrite 
molecules produced by the reduction of nitrate, would be deeply hydrogenated producing 
ammonium, as shown in reactions (3) and (4). However, Figure 9 shows higher activity and 
lower ammonium selectivity when the metal-free hybrid materials are used. Therefore, 
platinum deposition on all the studied materials decreases nitrate removal efficiency. It is 
reported14 that in Pd/TiO2 systems nitrate is adsorbed at the Lewis acid sites on titania 
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following exchange with OH- anions. Nitrate is then reduced by Ti4O7 species and nitrite is 
preferentially reduced by Pd. Challagulla et al.72 reported the competitive nature between 
nitrate reduction and hydrogen generation in the presence of platinum doped TiO2. In our 
experience, no nitrate abatement is significantly produced in the presence of Pt/TiO2. 
However 30-40 % of nitrate is removed by the platinum catalysts supported on 
TiO2/conducting polymer hybrid materials. In these materials, the electron transfer from the 
conducting polymer to nitrate ions through the nitrogen functionalities is limited due to the 
anchoring of the platinum chlorocomplexes (Scheme 3d). This results in a considerable 
decrease of the amount of the adsorbed nitrate. In this case, nitrate reduction is mainly 
produced by dihydrogen and catalyzed by the metal platinum nanoparticles dispersed on the 
hybrid materials. Otherwise, in the metal-free hybrid materials, the electrons are directly 
transferred from the polymeric matrix to adsorbed nitrate, producing its reduction (Scheme 
2). The presence of TiO2 in the composite material not only enhances its thermal properties 
but also modifies the oxidation state of the polymeric matrix, due to the transfer of electrons 
from titania to the semi-oxidized polymeric chain. Thus, the reductive ability of the 
polymeric matrix, that is, its capability of transferring electrons to the adsorbed nitrate ions 
is increased. 
CONCLUSIONS
A new route for abating nitrate from water and produce its selective reduction towards 
nitrogen, avoiding the use of a metal catalyst and gaseous hydrogen, has been developed. 
This implies the use of titanium dioxide/conducting polymer hybrid materials. During their 
synthesis, aniline and pyrrol polymerize on titanium dioxide surface connecting titanium 
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dioxide particles. As a result, conducting hybrid materials with enhanced thermal properties 
are obtained. These materials are capable of adsorbing nitrate and subsequently produce its 
reduction. The oxidant used during the polymerization of the monomers onto titania plays a 
key factor as the degree of oxidation of the polymeric chain imparted by the oxidant affects 
the amount of counterions susceptible to be exchanged by nitrogen. The size of the counterion 
also determines the effective exchange with nitrate.  Ti-C and Ti-O-C interactions between 
the polymers and titanium dioxide allows the electron transfer from titania to the polymer 
chain, which produce the reduction of the adsorbed nitrate. 
Nitrate reduction produced by TiO2/PPy/FeCl3 and TiO2/PANI/K2S2O8 is 
considerably more effective than the catalytic hydrogenation produced by platinum 
nanoparticles supported on these composite materials.  In the metal-free composites, the 
reduction of nitrate is produced by the electrons provided directly by the hybrid material. 
Otherwise, there is a considerable decrease in the activity of the nitrate reduction reaction 
produced by the materials containing platinum. The loading of the hybrid materials with 
platinum results in the blocking of N sites by Pt. Therefore, the transfer of electrons from the 
material to nitrate adsorbed to the polymeric chain by ion exchange is diminished, and the 
reduction of nitrate is mainly produced by the dihydrogen dissolved in water and adsorbed 
on Pt nanoparticles. Nevertheless, both mechanisms might be having a role in the platinum 
loaded materials: not only a catalytic hydrogenation is taking place but it could also be a 
contribution of the electrons provided by the polymer to the reduction of nitrate.
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Figure 1. TGA profiles in nitrogen atmosphere of (a) TiO2/PANI/K2S2O8; (b) TiO2/PPy/K2S2O8; (c) 
TiO2/PPy/FeCl3. 
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Figure 2. XRD diffraction patterns of hybrid materials (a) TiO2/PANI/K2S2O8; (b) 





















Page 34 of 57












































































Page 35 of 57




































































Page 36 of 57




































































Page 37 of 57




































































Page 38 of 57



































































Page 39 of 57































































Figure 8. XPS Pt 4f spectra of TiO2/PANI/K2S2O8 and TiO2/PPy/FeCl3 or K2S2O8 (a) after impregnation 
with H2PtCl6; (b) after a reductive plasma treatment.
(a) (b)
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Figure 9. (a) Nitrate abatement and (b) ammonium concentration measured in water in the 
presence of the different synthesized materials. Oxidant/dopant of PANI: K2S2O8; 
Oxidant/dopant of PPy: FeCl3 or K2S2O8.
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Scheme 1. Scheme showing (a) the synthesis of TiO2/PANI (b) the synthesis of TiO2/PPy; 
(c) the resulting hybrid TiO2/polymer hybrid materials with the polymeric chain 
interconecting the TiO2 nanoparticles. 
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Scheme 2. Scheme showing (a) pyrrole chains interconecting TiO2 nanoparticles; (b) nitrate 
exchange with the counteranion (sulfate or chloride); (c) reduction of nitrate by electrons 
provided by the polypyrrole.
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Scheme 3. Scheme showing (a) polypyrrole chains doped with chloride or sulfate anions 
interconecting TiO2 nanoparticles; (b) impregnation with a platinum salt precursor producing 
platinum chlorocomplexes anchored to the pyrrole chain trough the pirrolic nitrogen; (c) 
platinum nanoparticles generated by electrons in the argon plasma; (d-e) nitrate exchange 
with the counteranion (sulfate or chloride); (f) reduction of nitrate by electrons provided by 
the polypyrrole.
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